Changes in the intracellular thiol-disulfide balance are considered major determinants in the redox status/signaling of the cell. Cellular signaling is very sensitive to both exogenous and intracellular redox status and respond to many exogenous pro-oxidative or oxidative stresses. Redox status has dual effects on upstream signaling systems and downstream transcription factors. Redox signaling pathways use reactive oxygen species (ROS) to transfer signals from different sources to the nucleus to regulate such functions as growth, differentiation, proliferation, and apoptosis. Mitogen-activated protein kinases are activated by numerous cellular stresses and ligand-receptor bindings. An imbalance in the oxidant/antioxidant system, either resulting from excessive ROS/reactive nitrogen species production and/or antioxidant system impairment, leads to oxidative stress. Glutathione (GSH) is known to play a critical role in the cellular defense against unregulated oxidative stress in mammalian cells and involvement of large molecular antioxidants include classical antioxidant enzymes, such as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and glutathione reductase (GR). Cadmium (Cd), a potent toxic heavy metal, is a widespread environmental contaminant. It is known to cause renal dysfunction, hepatic toxicity, genotoxicity, and apoptotic effects depending on the dose, route, and duration of exposure. This review examines the signaling pathways and mechanisms of activation of transcription factors by Cd-induced oxidative stress thus representing an important basis for understanding the mechanisms of Cd effect on the cells.
Redox systems biology is emerging as a major area of research focus because key signal transduction mechanisms are redox sensitive (Forman et al., 2010) . The many types of protein kinases within cells, where mitogen-activated protein kinases (MAPKs), phosphatidylinositol 3-kinase (PI3K)/Akt pathway, protein kinase C (PKC), and Rous sarcoma oncogene cellular homolog (Src) are the critical kinases involved in the signal transduction induced by metals (Lee et al., 2012) . Oxidative stress triggers a range of physiological, pathological, and adaptive responses in cells either as a result of cellular damage or through specific signaling molecules. It occurs when cellular antioxidant defense mechanisms fail to counterbalance and control endogenous reactive oxygen and nitrogen species generated from normal oxidative metabolism or from prooxidant environmental exposures. Compelling evidence shows that cells have the capacity to adapt to oxidative stress through cell signaling mechanisms (Niki, 2012) . As far as redox-active sulfur species are concerned, oxidative stress triggers 2 major events: (i) oxidation of cysteine-containing proteins, which is directly associated with regulation of their function; and (ii) the formation of a wide range of chemically distinct reactive sulfur species (RSS), which propagate, modify, or negate the oxidative stimulus in the form of pro-and anti-oxidant redox cascades (Claus et al., 2006) . Cadmium (Cd), a potent toxic heavy metal, is a widespread environmental contaminant. The main routes of exposure to Cd in humans are the digestive and respiratory tracts. Environmental and non-occupational exposures come from various foods, contaminated water, contaminated dust, and tobacco smoke (Hol askov a et al., 2012) and various biological damages have been caused by Cd toxicity (Menon et al., 2016) . It is known to cause renal dysfunction, hepatic toxicity, genotoxicity, and apoptotic effects depending on the dose, route, and duration of exposure (Nemmiche and Guiraud, 2016) . Cd contributes to enhance influenza virus replication by altering the redox state of infected cells (Checconi et al., 2013) .
It interacts with the expression of a large number of genes, including stress response genes, immediate early response genes, transcription factors, and translation factors (Hartwig, 2013) . The production of reactive oxygen species (ROS) and reactive nitrogen species (RNS) induced by Cd could be responsible for its toxic effects in many tissues and organs. One of the major mechanisms behind Cd toxicity has been attributed to oxidative stress. Cd itself is unable to generate free radicals directly, since it has only one oxidation state, however, indirect generation of various radicals involving the superoxide radical, hydroxyl radical, and nitric oxide has been reported. Some experiments also confirmed the generation of (non-radical) hydrogen peroxide which itself in turn may be a significant source of radicals via Fenton chemistry and Haber-Weiss reaction. ROS has been implicated in chronic Cd nephrotoxicity, immunotoxicity, and carcinogenesis (Waisberg et al., 2003; Joseph, 2009) . Because Cd interferes with SH groups, it affects the function of many proteins but also the redox status of the cell and hence the cellular levels of redox active species. The relative sensitivities of different cell proteins and critical targets are, however, not well characterized (Gobe and Crane, 2010) .
This review examines the signaling pathways and mechanisms of activation of transcription factors by Cd-induced oxidative stress thus representing an important basis for understanding the mechanisms of cadmium effect on the cells.
ROS PRODUCTION AND REDOX ENVIRONMENT
The sources of ROS are both extracellular (pollutants, xenobiotics, drugs, and radiation) and intracellular. The main part of ROS (usually over 90%) in living organisms is produced by electron-transport chains mitochondrial, endoplasmic reticulum, plasmatic and nuclear membranes, and photosynthetic system. Reactivity of specific ROS might be different and we have very short half-lives. The action of ROS in various signaling networks is connected to their physiological role but also to diseases. The most common and biologically important ROS are the superoxide radical (O • 2 ) and as neutral form, the hydroperoxyl radical (HO • 2 ), the hydroxyl radical (OH • ), as well as hydrogen peroxide (H 2 O 2 ) and hypochloric acid (HOCl). Hydroxyl radical (HO•) is known as the most reactive species and is generally produced from hydroperoxides through the Fenton reaction using reducing agents and redox-active metals. The endogenously generated ROS functioning as second messengers are likely to be highly localized, concentrated, and transient. If the second messenger ROS is indeed highly localized and transient, they are not expected to activate the Nrf2-mediated redox control system (Zhang et al., 2010) . More evidence suggests that ROS can cause reversible post-translational protein modifications to regulate signaling pathways (Sena and Chandel, 2012) . The overall redox state of a cell is determined by the concentration of ROS and other reactive intermediates and the availability of reducing equivalents, and thus by the ratio of reduced to oxidized forms of redox couples like reduced/oxidized nicotinamide adenine dinucleotide (phosphate) [NAD(P)H/NAD(P)þ] and reduced/oxidized glutathione (GSH/GSSG). Antioxidant and other cell redox state modulating enzyme systems act as the first-line defense against ROS in all cellular compartments and also extracellularly (Nemmiche et al., 2007) .
Cd triggers adverse effects in organs via oxidative stress induction. The transcription factor Nrf2 is a powerful redox sensor activated in response to oxidative stress. At low intensity oxidative stress, protein Kelch-like ECH-associated protein 1 (Keap1)/ nuclear factor erythroid 2-related factor 2 (Nrf2) system upregulates genes encoding antioxidant enzymes. Similar effects on oxidative status were observed in an acute study (single i.p. doses of 2.5 mg Cd/kg b.w.) and prolonged exposure to Cd (1 mg/ kg b.w/day during 21 days) (Matovi c et al., 2015) . At both, low and intermediate intensity oxidative stresses, MAP-kinases, and other kinases seems are also involved in signal sensing and cellular response, leading to enhanced antioxidant potential (Lushchak, 2011) . Increased DNA fragmentation and caspase-3 activity were observed in BJAB cells exposed to 5-40 mM CdCl 2 revealing that Cd induced apoptosis in these cells (Nemmiche et al., 2012) . At high intensity oxidative stress perturbations of mitochondrial permeability transition pore and destruction of electron transporters take replace, culminating in apoptosis, and/or necrosis (Lushchak, 2011) . Generally, submicromolar concentrations lead to proliferation or delayed apoptosis, intermediate concentrations (10 lM) can cause various types of cell death, while very high concentrations (>50 lM) can cause necrosis (Luevano and Damodaran, 2014; Matovi c et al., 2015; Nemmiche and Guiraud, 2016) .
The tripeptide glutathione (c-L-glutamyl-L-cysteinyl-glycine; GSH) is considered to be the major thiol-disulphide redox buffer of the cell and the first line of defense against oxidative damage. One of the major determinants of the level of GSH de novo synthesis is the activity of the rate-limiting enzyme glutamate cysteine ligase (GCL), a heterodimer composed of a catalytic (heavy) subunit (GCLC) and a modifier (light) subunit (GCLM). Cytosolto-nuclear GSH distribution is reportedly a dynamic process that correlates with cell cycle progression. In response to oxidative stress or other situations when more GSH is required, the expression of GCL is regulated through 2 redox sensitive signaling pathways comprised of Nrf2-electrophile response element (EpRE) system and activator protein 1 (AP-1) (Zhang and Forman, 2012) . The capacity of glutathione to regenerate the most important antioxidants is linked to the redox state of the glutathione disulphide-glutathione couple (GSSG/2GSH). Proteins involved in the reduction of oxidized cysteine residues include thioredoxin (Trx), glutaredoxin (Grx), and sulfiredoxin (Srx). Thioredoxins (Trx's), which represent a pivotal partner with GSH/GSSG in redox regulation, are small ubiquitous proteins that possess 2 catalytic site redox-active cysteines (Cys-XX-Cys). The thioredoxin system has been found to be related to a variety of cellular processes including oxidative stress defense, DNA synthesis, apoptosis, and nitric oxide signaling (Sengupta and Holmgren, 2012) . Many redox couples in a cell that work together to maintain the redox environment, it regulates signal transduction activity of a variety of different enzymes and transcription factors and thus cellular functions. TRX and GSH may have overlapping as well as compartmentalized functions in activation and regulation of transcription factors, including regulation of Nuclear factor jB (NF-jB) and AP-1 in the cytoplasm and the nucleus. The redox environment can be defined as the sum of the products of the reduction potential and reducing capacity of the various redox couples (Schafer and Buettner, 2001) .
Where, E i is the half-cell reduction potential for a given redox pair and [reduced species] i is the concentration of the reduced species in that redox pair.
Alterations in protein activity by modifying the redox state of functionally essential thiols affect cellular signaling mechanisms, which couples protein redox state directly to functional activity (Go and Jones, 2011) . The redox state of a redox couple is defined by the half-cell reduction potential and the reducing capacity of that couple (Schafer and Buettner, 2001) . The other main source of cellular ROS is NADPH oxidases (NOX). The specific cellular and sub-cellular distributions of NADPH oxidases underlie their importance in regulating various functions that require ROS mediated processing (Di et al., 2016; Gö rlach et al., 2015; Manda et al., 2015; Thomas et al., 2015; Ye et al., 2015) REDOX SIGNALING, MAPK PATHWAYS, AND TRANSCRIPTION FACTORS Redox status has dual effects on upstream signaling systems and downstream transcription factors. Cells respond to extracellular stimuli by engaging specific signaling cascades. Two of the major pathways for signaling in cells involve: (i) phosphorylation of proteins, or (ii) changes in the thiol status of proteins due to changes in the redox environment of the cell. Protein phosphorylation is mediated by groups of protein kinases and phosphatases that play a critical function in signal transduction, cell growth, differentiation, and oncogenesis. Cellular signaling involves many cytoplasmic protein kinase cascades that form pathways connecting exogenous stimuli to the nucleus, resulting in transcription and synthesis of proteins. Improper expression levels and malfunctions of signaling proteins are responsible for a host of human cancers.
A circuitry model for redox signaling and control has been developed based on the observations that 3 major thiol/disulfide couples, namely, glutathione (GSH)/glutathione disulfide (GSSG), reduced thioredoxin [Trx-(SH)2]/oxidized thioredoxin (Trx-SS), and cysteine (Cys)/cystine (CySS), are not in redox equilibrium and therefore could function as control nodes for many different redox sensitive processes (Jones et al., 2004; Go et al., 2015) with compartmentalization of thiol/disulfide redox systems (Go and Jones, 2008; Go et al., 2015) .
In signaling processes and redox regulation of proteins, especially for those of the "on-off switch" type exemplified by protein phosphorylation, 2 important requirements are specificity and reversibility (Dalle-Donne et al., 2010) . Protein sulfhydryls may be oxidatively modified by S-thiolation and S-nitrosylation and constitutes a protective/adaptive strategy of a cell (Demasi et al., 2014) . The glutathionylation is the main form of S-thiolation that can serve to regulate directly the structure/function of a quite diverse range of proteins and also serves to prevent the sequential oxidation of thiol groups to sulfenic (RSOH), sulfinic [RS(O)OH] and sulfonic [RS(O) 2 OH] acids. For a more detailed overview of thiol chemistry and specificity in redox signaling refers to Winterbourn and Hampton (2008) .
S-Thiolation refers to the incorporation of a low-molecularmass (LMM) thiol to a protein via formation of a mixed disulfide bridge between a cysteine residue and the LMM thiol. In the presence of RNS, cysteines can be modified by either S-nitrosylation or S-glutathionylation (Diaz-Vivancos et al., 2015) . S-nitrosylation is a non-enzymatic process by which nitric oxide (NO) modulates the cysteine proteome. It is a reversible posttranslational modification of proteins that is increasingly being considered a mechanism for signal transduction by NO and related RNS. It consists on the covalent attachment of an NO moiety to a reactive thiol group in specific cysteine residues (Gietler et al., 2016; Plenchette et al., 2015) . S-nitrosylation is regulated by the GSH and Trx systems (Go et al., 2015) . Cysteine residues in proteins provide a nucleophilic site for a number of disparate posttranslational modifications. The role of glutathiolation as a redox regulation device involved in protein activity and structure modulation have been extensively reviewed (Dalle-Donne et al., 2009 Pastore and Piemonte, 2012; Diaz-Vivancos et al., 2015; Mailloux and Treberg, 2016) . A wide range of chemicals can induce S-glutathionylation, but literature examples tend to be dominated by hydrogen peroxide, glutathione disulfide, diamide, and various nitric oxide donors (Milnerowicz et al., 2015; Tew et al., 2011) . Oxidative and inflammatory stress, 2 related processes, and certain chronic viral infections, may modulate the ageing immune system (Bauer and De la Fuente, 2016; Milnerowicz et al., 2015) . The oxidative interface consists mainly of the redox regulation of redox-reactive cysteine (Cys) residues on proteins by ROS (Go et al., 2015; Ray et al., 2012) .
Five distinct groups of the MAPKs have been characterized in mammals: extracellular signal-regulated kinases (ERK, including ERK1 and 2 isoforms), c-Jun amino-terminal kinases (JNK, including JNK1, 2, and 3 isoforms), p38 MAPKs (including p38 a, b, c, and d isoforms), ERKs 3 and 4, and ERK5 (Roux and Blenis, 2004) . Other MAPKs or MAPK-like components, have been identified as well (ERK7/8) (Coulombe and Meloche, 2007) , but those do not seem to operate within a kinase cascade, or are activated by distinct mechanisms than MAPKs, and therefore are not considered as genuine MAPKs.
Mitogen-activated protein kinase (MAPK) signaling cascades are regulated by phosphorylation and dephosphorylation on serine and/or threonine residues and respond to activation of receptor tyrosine kinases, protein tyrosine kinases, receptors of cytokines and growth factors, and heterotrimeric G proteincoupled receptors. The activation of MAPK is dependent on its dual phosphorylation at both Threonine-183 and Tyrosine-185 residues (Ray and Sturgill, 1988) .
Several stimuli, included oxidative stress are signaled to phosphorylate certain MAPK thus activating their kinase activity to phosporylate specific substrates. The JNKs and p38-MAPKs are more responsive to stress stimuli. Recently, Cuadrado et al. (2007) have identified a new p38 MAPK-regulated protein that we named p18 Hamlet , which becomes stabilized and accumulates in response to certain genotoxic stresses.
S-Glutathionylation plays a key role in the regulation of the kinase activity of MEKK1 (MAPK/ERK kinase kinase 1; MAP3K), an upstream activator of the SAPK/JNK (stress activated protein kinase/c-Jun N-terminal kinase) pathway, in response to oxidative stress. Among the MAP3K family, apoptosis signalregulating kinase 1 (ASK1) has been extensively characterized as a ROS-responsive kinase. The duration and strength of MAPK activation are also important in determining the specific cellular response.
Low intensity oxidative stress is mainly sensed by Keap1/ Nrf2 system which downstream up-regulates the genes encoding antioxidant enzymes. Intermediate oxidative stress also increases the activity of antioxidant enzymes, but mainly via NF-kB and AP-1 pathways.
The protein Kelch-like ECH-associated protein 1 (Keap1) is rich in cysteine residues, Dinkova-Kostova et al. (2002) reported that sulfhydryl groups of Keap1 are the sensors regulating induction of phase 2 enzymes that protect against carcinogens and oxidants. Nrf2 is one of the redox sensitive transcription factors that gets activated in response to deranged antioxidant state and tries to restore the balance by transcribing antioxidant and phase II detoxifying genes (Singh et al., 2010) . The ERK1/2 signaling pathway has been shown to stabilize Nrf2 and to be required for Nrf2 translocation to the nucleus (Zipper and Mulcahy, 2003) . Nrf2 binds to antioxidant response element (ARE) in the nucleus and leads to the transcriptional expression of ARE-regulated genes. In vitro studies have demonstrated that several kinases, including JNK1, MAPK, p38, phosphoinositide 3-kinase (PI3-kinase), and tyrosine kinases, are involved in regulating ARE-mediated gene expression. PI3Ks catalyze the phosphorylation of membrane inositol lipids to generate several distinct membrane-bound second messengers. The PI3K/Akt pathway interacts with several genes and receptors involved in metal-induced carcinogenesis (Barthel et al., 2007) . The PI3K/Akt and JNK pathways interact to regulate transcription and apoptosis.
The PKC plays a significant role in transcriptional activation of ARE-mediated gene expression. PKC represents a family of phospholipids dependent serine/threonine kinases involved in signal transduction to various effectors pathways that regulate transcription and cell cycle control. PKCs are divided into 3 categories depending on their cofactors: conventional PKCs that are calcium-dependent and stimulated by diacylglycerol; novel PKCs that are calcium-independent but are stimulated by diacylglycerol; and atypical PKCs that do not require either calcium or diacylglycerol for optimal activity. All PKCs consist of the N terminal regulatory domain and the C-terminal catalytic domain, and each contains a cysteine-rich region. ROS induce the release of calcium from intracellular stores resulting in the activation of PKC. The inhibitors of PKC blocked the antioxidantinduced nuclear translocation of Nrf2, leading to the loss of ARE mediated gene expression.
Many transcription factors are redox sensitive, including AP-1, NF-jB, Nrf2, p53, glucocorticoid receptor, and others. NF-kB is a redox-sensitive transcription factor composed of different members of the Rel family, such as p50 (NF-kB1), p52 (NF-kB2), c-Rel, vRel, Rel A (p65), and Rel B. The family of NF-jB transcription factors is a cytoplasmic resident in inactive form in complex with the inhibitory protein IjB. NF-kB has 2 levels of redox regulation: one in the cytoplasm and another in the nucleus. In its classic form, NF-kB is a heterodimer of the p65/Rel A and p50 subunits. It has been well established that NF-jB, a central regulator of immunity, is subject to multiple regulation by redox changes. MAP kinase pathway also was implicated to be able to activate IjB kinase (IkK). NF-jB dimers are then freed from inhibition by IjB and enter the nucleus to activate gene transcription. The released P50 and P65 subunits of NF-jB migrate into the nucleus and bind regulatory sites of the target genes encoding antioxidant defense, inflammation, immunity and antiapoptosis. Nearly all steps in the NF-jB cascade contain redox-sensitive proteins whose activities are modulated by oxidative stress. NF-kB binding has been shown in vitro to be inhibited by oxidation of critical cysteine residues. Sglutathionylation of Cys62 of the p50 subunit is known to prevent binding of the transcription factor to jB sites in the promoter regions of genes (Pineda-Molina et al., 2001) . Many data suggest that S-glutathionylation could be a physiologically relevant mechanism for controlling the magnitude of activation of the NF-jB pathway.
EFFECTS OF CADMIUM ON THE HUMAN CELLS SIGNALING
Cd disrupts physiological signaling processes resulting in signaling dysfunction, which is responsible, at least in part, for the pathology of Cd toxicity (Matovi c et al., 2015; Menon et al., 2016; Thé venod, 2009 ). Emerging evidence indicate that Cd is an actual transcriptional modulator for several cell types, both normal and pathological. Gene expression analyses demonstrated that chronic environmental exposure to Cd, significantly modifies the expression of 217 genes regulators of apoptosis, cell cycle, stress response, immune response, or metabolism, oncogenes and transporters (Dakeshita et al., 2009) . In support of a role for a redox-mediated mechanism in cadmium-induced activation of the MAPK pathway, Cd was shown to inhibit serine/ threonine phosphatases 2A and 5, leading to the activation of extracellular signal-regulated protein kinase (ERK1/2) and JNK (Hartwig, 2013) . Thus, MAPK pathways are activated by cadmium such as in mesangial cells (Liu and Templeton, 2008) , neuronal PC12 and SH-SY5Y cells (Chen et al., 2008) , murine monocyte/macrophage cells (Haase et al., 2010) , and BJAB cells (Nemmiche et al., 2012) .
The cellular pro-oxidative stress induced by Cd is most likely mediated by disruption of redox homeostasis associated to a mishandling of redox-active transition metals and causes lipid and protein oxidation and oxidative DNA damage in Jurkat T and BJAB cells (Nemmiche et al., 2011; Nemmiche and Guiraud, 2016) ; and depletion of GSH by inhibiting its biosynthesis with buthionine sulfoximine resulted in increased Cd toxicity and heme oxygenase-1 (HO-1) expression in lymphocyte BJAB cells (Nemmiche et al., 2012) . Oxidation and modification of extracellular thiols have a significant effect on lymphocyte proliferation and function, illustrating the importance of maintaining extracellular thiols in cell signaling. In vivo studies exposing adult male rats to varying concentrations of Cd (0-100 ppm) demonstrated that lower doses of Cd inhibited humoral and cellular immune responses, while higher concentrations had a stimulatory effect (Demenesku et al., 2016; Lafuente et al., 2004) . In vitro studies have demonstrated that Cd causes oxidative stress and apoptosis in adult mouse T-and B-cells (Pathak and Khandelwal, 2006a,b) . Cadmium-induced ROS can interact with the cellular defense via the activation of MAPKs and other signaling pathways (Bryan et al., 2013; Cuypers et al., 2010; Shinkai et al., 2016) . The exposure of human MDA-MB231 cells to Cd induced a massive accumulation of reactive species (Cannino et al., 2008) . Recently, Casano et al. (2010) have demonstrated that treatment of MDA-MB231 breast cancer cells with 5 lM CdCl 2 induces a diversified modulation of the transcription patterns of the genes encoding for the isoforms of p38 that mediate signal transduction cascades controlling several aspects of cell physiology.
c-Jun amino-terminal kinases (JNK) is one of the proteins activated in response to elevated ROS levels, and plays a critical role in the apoptotic process. It is well established that oxidative stress induces phosphorylation of JNK, ERK1/2, and p38 MAPK in a wide array of cell types (Mitchell et al., 2010) . Ding and Templeton (2000) showed parallel activation of JNK, ERK, and cfos by Cd in mesangial cells. In our previous study, we have showed that Cd caused activation of MAPKs pathway including JNK, and ERK1/2 but not p38 kinase and we observed a significant decrease in HO-1 induction when ERK1/2, JNK and PKC was inhibited in BJAB cells (Nemmiche et al., 2012) . Martin et al. (2006) analyzed different cell types, namely bone marrow derived macrophages, primary rat osteoblasts, HeLa, HEK293, HepG2, and calvaria cells for their responses to low concentrations of Cd observed that it is an association between cell susceptibility to Cd toxicity and ERK activation. Cui et al. (2011) examined the molecular mechanisms involved in the adaptive response to Cd-induced apoptosis in human myelomonocytic lymphoma U937 cells, showed increase in the amount of pJNK, the active form of JNK, by 50 mM CdCl 2 in a time-dependent manner, and inactivation of JNK by pretreatment with low-dose Cd.
Combined treatment with CdCl 2 and mercury increased NFAT (nuclear factor of activated T cells) activation, whereas PKC and calcium mobilization were found to be upstream events in human Jurkat T lymphoma cells (Colombo et al., 2004) . The PI3K pathway also appears to be associated with the CdCl 2 -induced phosphorylation of p53 in MCF7 cells and with the CoCl 2 -induced VEGF transcription in HepG2 cells (Matsuoka and Igisu, 2001) .
Cd activates the Keap1-Nrf2 pathway through multiple mechanisms (Shinkai et al., 2016; Wu et al., 2012) . Some authors show that Nrf2 activation prevents Cd-induced oxidative stress and liver injury. Suppression of Nrf2 resulted in greater sensitivity, whereas over-expression of Nrf2 results in resistance to Cdinduced apoptosis in rat kidney cells (Chen and Shaikh, 2009) .
A general mechanism by which Cd may increase the activity of multiple kinases is by increasing ROS, which in turn oxidize thiol groups on kinase-regulating phosphatises.
CONCLUSIONS AND FUTURE DIRECTIONS
The cellular functions regulated by ERK, p38 MAPK or JNK seem to depend on the cell type, the stimulus, the duration and strength of kinase activities. Their importance in controlling cellular responses to the environment and in regulating gene expression, cell growth, proliferation, apoptosis, and the immune response has made them a priority for research related to many human illnesses.
Oxidants transduce signals and regulate biological activities through redox modification of signaling molecules leading to alterations in their functions. The mechanisms as to how proteins are protected and modulated during an oxidative or a nitrative stress require deeper understanding. The Cd-induced increase of oxidative stress can be considered an etiological factor in a variety of human diseases. In this regard, future studies should focus on defining cellular networks of response genes, identifying target molecules of metal and metal-induced oxidative stress, developing efficient biomarkers, and identifying individuals with increased susceptibility to metal exposure (Lee et al., 2012) . Key challenges to redox systems biology development include an incomplete understanding of redox network structures and the relative contributions of Cys that differ dramatically in reactivities (Jones and Go, 2010) . Besides globally profiling the metal-induced oxidation fingerprint in biological systems, redox proteomics represents the elective tool to find oxidative stress biomarkers. Thus, proteomics has become a useful tool for monitoring and analyzing global protein oxidation status and identifying unknown redox-sensitive molecules in complex systems.
